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Reduced folate levels can cause developmental defects and megaloblastic anemia. Padmanabhan et al.
(2013) show that mutation in mice of a folate metabolism gene,Mtrr, which encodes for methionine synthase
reductase, causes developmental defects not only in the mutant progeny, but also in genetically wild-type
descendants for up to four generations.Folic acid deficiency is one of the most
common vitamin deficiencies in humans,
who are unable to synthesize folate and
must acquire this vitamin in our diet
through legumes, leafy green vegetables,
and certain fruits. The importance of
folate stems from its key role in one-
carbon metabolism. Tetrahydrofolic
acid, the biologically active form of folate,
transfers one-carbon fragments needed
to synthesize methionine, purines, and
thymidine. Methionine synthase, which
must first be activated by methionine
synthase reductase (MTRR), converts 5-
methyltetrahydrofolate to tetrahydrofolic
acid and, at the same time, converts
homocysteine to methionine. Methio-
nine is subsequently used to generate
S-adenosylmethionine (SAM), which
donates methyl groups to DNA, RNA,
lipids, and proteins (Champe and Harvey,
1994) (Figure 1A). Because folate is
necessary for DNA synthesis, the
increased demand for DNA synthesis
during pregnancy can lead to folate defi-
ciency, which can cause fetal neural tube
defects and megaloblastic anemia. Due
to reduced DNA synthesis, red blood
cells in megaloblastic anemia patients
are compromised in their ability to enter
mitosis, which causes an enlarged cell
phenotype. It is therefore not surprising
that mutations in folate metabolism
genes or maternal folate deficiency can
cause a number of defects. Indeed, a
gene trap mouse model of Mtrr
described several embryonic delays and
defects (Deng et al., 2008). Padmana-
bhan and colleagues now confirm that
a hypomorphic mutation of the Mtrr
gene in mice causes intrauterine growth
retardation, developmental delay, and
congenital malformations of the neural
tube, heart, and placenta (Padmanabhanet al., 2013). Surprisingly, wild-type prog-
eny whose grandparents had a mutation
in Mtrr also exhibited congenital malfor-
mations that persisted for four genera-
tions (Figure 1B).
Padmanabhan et al. (2013) began with
embryonic stem cells (ESCs) carrying a
gene trap in an intron of the Mtrr locus.
Mice derived from these ESCs had
reduced wild-type Mtrr mRNA, though
it is unclear whether the gene trap
insertion also produced aberrant,
dominantly acting transcripts. These
mice survived, but had elevated levels of
plasma homocysteine, suggesting im-
paired conversion of homocysteine to
methionine. Mtrr+/gt intercrosses yielded
a normal Mendelian ratio of progeny but
smaller litter sizes. Early embryos from
this cross displayed developmental
defects typical of folate deficiency.
Surprisingly, the frequency of defects in
wild-type embryos was the same as in
embryos bearing the mutant gene, sug-
gesting that lowered parental MTRR level
was responsible for the developmental
defects.
Following up on these unexpected
results, the authors then found that the
Mtrr mutation in either maternal grand-
parent caused the same embryonic
defects in grandchildren born to wild-
type parents. These congenital abnor-
malities persisted in wild-type progeny
in generations four and five of Mtrr
mutant maternal ancestors. Persistence
for so many wild-type generations was
unlikely to be a maternal effect, since
the great-grandchildren were never
exposed to the mutant allele. These re-
sults were further supported by embryo
transfer experiments in which wild-type
embryonic day 3.25 (E3.25) embryos
from heterozygous maternal grand-Cell Metabolism 1parents were transplanted into wild-
type pseudopregnant females and
developed similar congenital malforma-
tions (Padmanabhan et al., 2013). Thus,
the developmental defects were due to
gametic inheritance.
What could be maintaining the non-
Mendelian heritable information passed
from parents to children to cause these
embryonic defects? The authors found
that Mtrr mRNA itself was not being
inherited at lower levels in progeny that
displayed defects (Padmanabhan et al.,
2013). Given the requirement for SAM
for DNA, RNA, and protein methylation,
it is likely that reduced methylation
of some of these substrates alters herita-
ble material. Consistent with this idea,
transgenerational epigenetic inheritance
observed in several model organisms
has suggested that the heritable material
can be DNA, RNA, or protein, depending
on the transgenerational epigenetic
phenotype (Daxinger and Whitelaw,
2012; Greer and Shi, 2012; Martin and
Zhang, 2007). Since folate metabolism
affects many different processes, the
mechanistic basis for this inheritance
requires further study.
The authors did not examine SAM
levels directly or attempt to correct the
phenotype by adding back methionine
or SAM, so it remains unclear whether
SAM is at the root of the heritable embry-
onic defects. Altered DNA methylation
patterns have been correlated with trans-
generational inherited responses to
endocrine drugs in rats (Anway et al.,
2005). Here, in this folate deficiency
mouse model, the authors attempted to
address what was being inherited by
examining DNA methylation and indeed
found lowered global DNA methylation
levels. They also found altered DNA8, October 1, 2013 ª2013 Elsevier Inc. 457
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Figure 1. Mutation in Methionine Synthase Reductase Causes Heritable Non-Mendelian Embryonic Defects
(A) Folate metabolism in the methionine synthesis pathway. The gene trap discussed in this paper was inserted into an intron in the gene encoding for methionine
synthase reductase (MTRR, shown in red), which activates methionine synthase.
(B) Heterozygous Mtrr mice (shown in red) were crossed with wild-type mice (shown in black), and their progeny were examined for developmental delays
and embryonic defects. A consistent percentage of embryos exhibited embryonic defects (shown in blue) for up to four generations, despite being genetically
wild-type. Wild-type crosses yielded no defects (right).
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Previewsmethylation at 20 imprinted genes exam-
ined in descendants of mice whose
ancestors had reduced MTRR levels
(Padmanabhan et al., 2013). However,
these imprinted genes displayed in-
creased, rather than decreased, DNA
methylation. This result suggests that
these effects are not directly due to
reduced SAM synthesis, but rather
are indirect consequences. However,
whether this increased DNA methylation
was itself being inherited or was the indi-
rect consequence of some inherited
undermethylated histones, RNA, or non-
histone proteins remains to be deter-
mined. These mice should provide an
exciting platform for elucidating the un-
derlying mechanism in future studies,
which is as important as it is challenging.
One of the few known mechanisms for a
transgenerational epigenetic inheritance458 Cell Metabolism 18, October 1, 2013 ª20phenotype, which linked miRNAs to the
heritable regulation of the Kit locus, was
discovered in mice (Rassoulzadegan
et al., 2006). Future studies investigating
whether RNA levels, DNA methylation,
and histone or nonhistone protein methyl-
ation are altered in descendants of Mtrr
mutant mice will help reveal, mechanisti-
cally, how this information is being
inherited.
Epidemiological data suggest that
the dietary habits of parents can affect
diseases such as obesity in children and
grandchildren (Youngson and Whitelaw,
2008). Most of these links have been
reported for extreme conditions, such as
famine. This study suggests that trans-
generational dietary effects might be
more commonplace, also occurring in
less-extreme conditions. Understanding
the mechanistic basis for inheritance of13 Elsevier Inc.epigenetic information across gene-
rations will have broad implications for
human health.
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Ingestion of fatty foods increases dopamine release in the substantia nigra, producing a positive hedonic
state. Tellez et al. (2013) demonstrate that an intestinal signal generated by fat consumption, oleoylethano-
lamide, stimulates central dopamine activity, thus regulating the reward value of fat and establishing a link
between caloric-homeostatic and hedonic-homeostatic controllers.The predominant contemporary model of
energy homeostasis suggests that food
intake, adiposity, and metabolic parame-
ters are controlled homeostatically. Thus,
food consumption, both individual meals
and intake over longer intervals, is con-
sidered to be under the influence of
molecular signals indicating long-term
(related to adipose tissue stores) and
acute metabolic needs, providing a
mechanism for the observation that most
people maintain a relatively stable body
weight over time. Numerous signaling
molecules, predominantly peptides of
the gut-brain axis, coordinate caloric
intake and stored body fat. Satiation
signals including cholecystokinin (CCK)
and glucagon-like-peptide-1 (GLP-1) and
adiposity signals including leptin and
insulin converge in the hindbrain and the
mediobasal hypothalamus, where they
activate transmitters such as neuropep-
tide-Y and the melanocortins that in turn
influence energy intake and expenditure.
Hedonics, stress, social factors, learning,
and other nonhomeostatic influences
are superimposed upon hypothalamic
homeostatic circuits (Berthoud, 2011),
with dopamine release in the nucleus
accumbens being a poster child for medi-
ating positive hedonic aspects of palat-
able foods (Volkow et al., 2011). NowTellez et al. (2013) provide evidence that
the food reward system in the brain—
mediated by dopamine signaling—is also
homeostatically regulated, the link being
oleoylethanolamide (OEA), a naturally
occurring amide of ethanolamine and
oleic acid that is generated in the intes-
tine when lipids are ingested.
Advances in understanding the control
of energy homeostasis are proceeding at
a rapid pace. A noteworthy example was
the finding that derivatives of nutrients
themselves act as key signaling mole-
cules. In 2001, Piomelli and colleagues
reported that OEA potently suppresses
food intake via activation of vagal afferent
nerves and that endogenous production
of OEA is regulated by nutritional status
(Rodrı´guez de Fonseca et al., 2001).
Subsequent research found that OEA’s
hypophagic action is dependent on the
nuclear receptor protein PPARa and
the membrane protein CD36 (Fu et al.,
2003; Schwartz et al., 2008)—and not
secondary to learned aversions, illness,
or malaise (Proulx et al., 2005).
Tellez and colleagues (2013) now report
that OEA links dietary fat ingestion to
dopamine signaling in brain reward
circuits. When calorically dense lipid
emulsions (i.e., Intralipid) are infused into
the stomach, normal mice release dopa-mine in the substantia nigra over the
following hour, a response that is attenu-
ated in mice maintained on a high-fat
diet (HFD) indicating HFD-induced
homeostatic malfunction. The dopamine
release is reinstated when HFD-obese
mice receive peripheral, but not central,
OEA administration. Importantly, the
deficits in nigrostriatal dopamine sig-
naling characteristic of HFD-induced
obesity are specific to infusion of a high-
fat emulsion and independent of total
caloric consumption or obesity, both of
which were controlled.
More interesting, Tellez and colleagues
(2013) compared the effect of OEA on
mice—fed either LFD or HFD—that licked
at a dry spout to receive intragastric
infusions of fat emulsions. Whereas OEA
treatment in LFD mice led to reduced
intake (in line with the satiating effects of
OEA), mice maintained on HFD had
increased emulsion intake following OEA
treatment, consistent with the concomi-
tant increase in striatal dopamine and
its elevated reward potential. When high-
fat emulsions were provided orally (as
opposed to intragastrically), mice fed
LFD or HFD had comparable intakes
during feeding sessions, which were
similarly reduced by the satiating action
of OEA, suggesting that orosensory8, October 1, 2013 ª2013 Elsevier Inc. 459
